ABSTRACT
D
WI is an imaging technique that measures the degree of water diffusion in vivo and has clinical utility, particularly in the early diagnosis of acute ischemia. 1, 2 Reduced diffusion can, however, be seen in any lesion that alters the motion of water molecules. DWI has been shown to be useful in the diagnosis of abscess, multiple sclerosis, epidermoid tumor, diffuse axonal injury, encephalitis, and prion disease. 3, 4 Restriction of water diffusion has also been described in the early phase of secondary neuronal degeneration, such as Wallerian degeneration and transneuronal degeneration. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Diffusion abnormality due to Wallerian degeneration is known to develop within as little as 2 days after injury 12 and to last for at least 2 weeks. 13 Although it has been well-documented that secondary degeneration occurs in the thalamus following ischemic infarction in the MCA territory, [16] [17] [18] reports on MR imaging findings of secondary degeneration in the striatum have been very sparse. 19 In addition, there have been no reports on the depiction of the early phase of postoperative secondary degeneration by using DWI.
In postoperative follow-up of brain surgeries, we have occasionally observed reduced diffusion in the ipsilateral striatum and/or thalamus, remote from the operative bed, and topographic correlations were suspected between the surgical site and the distribution of reduced diffusion. These signal abnormalities were not associated with any referable neurologic deficits at the time of MR imaging, and completely resolved on follow-up examinations. The purpose of this study was to describe postoperative transient reduced diffusion in the ipsilateral striatum and thalamus, investigating the correlation between the surgical sites and the distribution of reduced diffusion, as well as the time course of signal changes.
MATERIALS AND METHODS

Patients
A retrospective review of radiologic records in 2 hospitals from January 2008 to April 2012 revealed 134 patients who underwent cerebral surgery between January 2008 and January 2012. Institutional review board approval was not required for studies involving retrospective image or case record review. The inclusion criteria were as follows: 1) pre-and postoperative DWI was available; and 2) when diffusion changes were present on postoperative scans, further follow-up MRI was ordered and was available. Simple callosotomy, biopsy, and surgeries for intraventricular or extra-axial lesions were not reported in the 134 patients. Of the 134 patients, 9 additional patients who had direct involvement or injury of the striatum or thalamus due to either the original lesion or the surgical procedure (5 patients with glioblastoma, 1 with metastatic adenocarcinoma, 1 with Rasmussen encephalitis, 1 with hemimegalencephaly, and 1 with striatal hematoma) were excluded. Therefore, this study comprised 125 patients (56 females and 69 males; 0 -87 years of age; mean age, 38.0 Ϯ 22.0 years) who underwent cerebral surgery. The distribution of the original lesion pathology was as follows: 23 low-grade brain tumors (WHO grades I and II), 50 high-grade brain tumors (WHO grades III and IV), 19 cases of focal cortical dysplasia, 1 case of hemimegalencephaly, 3 cortical tubers, 8 vascular malformations, 15 cases of hippocampal sclerosis, and 1 intracerebral hematoma. Specific histopathologic diagnosis could not be made in 5 patients who underwent epilepsy surgery, because the obtained specimens included only nonspecific gliosis and infiltration of inflammatory cells.
The median first follow-up MR imaging was 3 days (interquartile range, 2-7 days) after surgery, and all postoperative MRI was clinically indicated. Sixteen patients had only 1 postoperative MR imaging. Thirty-eight patients had 2 postoperative MRIs. The other 71 patients had serial postoperative MRIs, consisting of 3-20 examinations. Six hundred two postoperative MRI were evaluated in this study, and the median follow-up period was 202 days (interquartile range, 76 -487 days). Five hundred twentyfour examinations were performed by using 1.5T systems, whereas 78 examinations were performed by using 3T systems. The patients' medical records were reviewed to evaluate their neurologic status at the time of MR imaging. MR imaging indications included follow-up to investigate residual or recurrent lesions, especially neoplasms that were not seen well-enough on CT. At least 1 MR imaging was performed shortly after the operation on the basis of a clinical requirement to evaluate surgical complications, including infarctions. Some patients underwent several MRIs due to specific problems such as subdural hematoma/effusion, CSF leakage, or follow-up of malignancies. a Reduced diffusion was observed in both the striatum and thalamus in 2 patients with operations in the frontal lobe, 1 with an operation in the frontotemporal lobe, 2 with hemispheric disconnection, and 1 with posterior disconnection. b In this patient, disconnection involved the precentral gyrus.
MR Imaging
All patients underwent MR imaging by using 1.5T or 3T systems with varying imaging techniques. Single-shot echo-planar DWI was obtained by using the following parameters: TR, 3500 - 
Qualitative Image Analysis
Image assessment was based on agreement between 2 neuroradiologists (K.K. and N.S., with 5 and 21 years of experience with MR images, respectively) who were blinded to the patient information, and the final decisions were reached by consensus. Observers assessed the presence of hyperintensity in the striatum and thalamus on DWI. Restriction of diffusion was determined on the basis of qualitative visual assessment of ADC maps. Diffusion restriction was defined as darker than the normal-appearing contralateral striatum/ thalamus on ADC maps. Wallerian and transneuronal degeneration demonstrate DWI hyperintensity in the early phase and may become atrophied in the chronic stage. 12, 17 Therefore, the patients whose striatum and/or thalamus became atrophied on follow-up MRI were not excluded as having infarctions if signal abnormalities completely resolved on both DWI and T2WI.
When restriction of diffusion was seen in the striatum, its distribution was categorized into 3 types as follows (Fig 1) . "Type 1" was defined as restricted diffusion limited to the head of the caudate and the anterior end of the putamen, whereas "Type 3" was restricted diffusion limited to the posterior part of the putamen. "Type 2" was defined as restricted diffusion in the body of the caudate and the central portion of the putamen, bridging the anterior to posterior, but sparing both ends. The distribution of reduced diffusion in the thalamus was also recorded on the basis of the anatomic location of thalamic nuclei (dorsomedial nucleus, ventral nuclei, pulvinar, and anterior nuclear group). The location of the operation was compared with the distribution of reduced diffusion. Visual assessment of T1WI and T2WI was performed to evaluate signal and morphologic changes of the striatum and thalamus. We also investigated the time course of diffusion changes and patient baseline characteristics related to diffusion restriction, including age, sex, type of disease treated, and timing of postoperative MRI.
Quantitative Analysis
We also performed region-of-interest analysis to determine ADC values of the striatum and thalamus in all patients. In the DWInegative striatum or thalamus, oval ROIs were placed in the center of the putamina and thalami bilaterally. In the DWI-positive striatum or thalamus, ROIs were placed in the striatum and/or thalamus in areas with the highest signal intensity on DWI and in the corresponding areas on the contralateral side. ROIs were also placed in corresponding locations on follow-up MRI. Manual region-of-interest placement was performed independently by 2 neuroradiologists (K.K. and N.S.) by using T2WI and DWI as a reference. 1.00, excellent correlation). Region-of-interest size was 20 -30 mm 2 for the striatum and 30 -50 mm 2 for the thalamus. rADC was calculated by the following formula: rADC ϭ (average ADC value within the region of interest on surgical side)/(average ADC value within the region of interest on contralateral side). We focused on the postoperative period when DWI abnormalities were observed and compared rADC of the striatum and thalamus between DWIpositive and -negative patients. The rADC were also compared between these patients in the other periods when DWI abnormalities were absent on subjective image analysis. The Mann-Whitney U test was used to investigate differences in rADC. The level of significance was defined at P Ͻ .05. All statistical analyses were performed by using the Statistical Package for the Social Sciences software, Version 11 (SPSS, Chicago, Illinois).
RESULTS
Qualitative Analysis of Signal Changes
Among 125 patients, 17 (13.6%) showed reduced diffusion in the striatum and/or thalamus ipsilateral to the surgical site by qualitative assessment. Eight patients showed reduced diffusion limited to the striatum, while 3 patients showed reduced diffusion limited to the thalamus. Reduced diffusion was observed in both striatum and thalamus in 6 patients. The affected areas showed increased signal intensity on T2WI at the time of reduced diffusion. In all of the 17 DWI-positive patients, signal abnormalities completely resolved on follow-up examinations and did not leave any tissue necrosis suggestive of infarction. None of these patients presented with acute neurologic deficits that were attributable to areas of reduced diffusion. No signal abnormality was observed in the contralateral striatum or thalamus.
Topographic Correlations
Forty-four, 47, 11, and 4 patients underwent surgery of the frontal, temporal, parietal, and occipital lobes, respectively (Table  1) . In 11 patients, resection involved Ͼ2 lobes. Two, 5, and 1 patient underwent hemispheric disconnection, posterior disconnection, and temporal disconnection, respectively. Reduced diffusion in the striatum was observed exclusively after surgery involving the frontal lobe (Table  1) . Reduced diffusion in the thalamus was observed after surgery involving the frontal lobe or posterior disconnection.
The classification of signal abnormalities in the striatum demonstrated marked correlation with surgical locations. Figure 2 shows the locations of the operations along with the distribution of reduced diffusion in all 17 patients who had reduced diffusion in the striatum and/or thalamus. Types 1, 2, and 3 were observed in patients after resection of the OFC, PFC, and motor/premotor cortices, respectively (Figs 3-5) . Wider resection involving the OFC and PFC resulted in a combination of types 1 and 2 (Fig 6) , whereas involvement of the PFC and motor/premotor cortices resulted in a combination of types 2 and 3. Reduced diffusion extending to the entire striatum (a combination of all 3 types) was observed after hemispheric disconnection. Only 1 case showed reduced diffusion that could not be classified into any of the 3 types or any combinations in which reduced diffusion was limited to the body of the caudate but absent in the putamen.
The distribution of signal abnormalities in the thalamus also depended on the location of the surgery. Reduced diffusion was limited to the pulvinar after posterior disconnection surgery (Fig  5) , whereas it was also observed in the dorsomedial nucleus and ventral nuclei after hemispheric disconnection. Resection extending from the OFC to the PFC resulted in reduced diffusion in the dorsomedial nucleus, ventral nuclei, and anterior nuclear group, while the pulvinar was preserved (Fig 6) . Reduced diffusion was limited to the dorsomedial nucleus after surgery in the PFC.
Time Course of Signal and Morphologic Changes
Reduced diffusion in the striatum or thalamus was found on days 7-46, especially during days 8 -21 (Fig 7) . Six patients had follow-up MRI on both days 0 -6 and days 7-46, and they presented a characteristic time course of diffusion changes; reduced diffu- sion was not present in the initial postoperative MRI on days 0 -6 but appeared on days 15-46 (Fig 4) . Among them, 5 patients had reduced diffusion limited to the striatum. One patient had diffusion restriction in both the striatum and thalamus, and diffusion changes appeared at the same time. Diffusion restriction was observed on successive follow-up scans in 1 patient from days 7-16. The other 16 patients had only 1 MR imaging with diffusion abnormalities during days 7-46, and their next MRI was performed after day 47.
None of the DWI-positive patients showed any morphologic changes of the affected striatum and/or thalamus, such as swelling or atrophy, at the time of reduced diffusion. In 7 patients, the affected striatum or thalamus or both became atrophied on further follow-up MRI on days 61-129. Table 2 summarizes the baseline characteristics of the patients. Because postoperative reduced diffusion presented here seemed to occur after operations involving the frontal and/or primary sensory cortices and posterior disconnection operations, we focused especially on those who underwent such operations, to investigate the differences between the DWI-positive and -negative cases. The presented diffusion abnormality seemed to occur more frequently in younger patients (most were younger than 10 years of age) who underwent surgery for intractable epilepsy. The median day of the first follow-up MR imaging in DWI-positive cases was day 9. In contrast, most DWI-negative patients were adults who underwent surgery for malignant neoplasms. Moreover, 40 of 108 DWI-negative patients did not have follow-up MRI during days 7-46.
Baseline Characteristics of the Patients
Quantitative Analysis of rADC
The interobserver agreement for rADC measurements was excellent (intraclass correlation coefficient, 0.90 on the striatum and 0.84 on the thalamus). One hundred four MRIs were performed on days 7-46, when the diffusion restriction of the striatum and/or thalamus was observed. There were 16 and 9 MRIs with DWI abnormalities in the striatum and thalamus, respectively. The mean rADC for the 2 observers was significantly decreased on days 7-46 in both the striatum and thalamus in the DWI-positive cases, compared with the DWI-negative cases ( Table 3 ). The patients who presented with reduced diffusion in the striatum during days 7-46 had 7 MRIs on days 0 -6 and 33 MRIs after day 47. The mean rADC of the striatum in these cases was 1.04 (95% confidence interval, 0.96 -1.12, n ϭ 7) on days 0 -6 and 1.01 (0.96 -1.05, n ϭ 33) after day 47. Significant differences in rADC were not observed in these periods, compared with DWI-negative cases (days 0 -6, 1.01 [0.99 -1.03, n ϭ 81]; day 47 and after, 0.99 [0.98 -1.00, n ϭ 377]). The patients who presented with reduced diffusion in the thalamus during days 7-46 had only 2 MRIs on days 0 -6 and 23 MRIs after day 47. The mean rADC of the thalamus in these patients was 1.05 (95% confidence interval not Reduced diffusion is seen in the caudate head and body and in the putamen extending from the anterior end to the central portion (white arrows ). Note that the most posterior part of the putamen is spared (white arrowhead ). This case is classified as type 1 ϩ 2. In the thalamus, the dorsomedial nucleus (long black arrow ), the ventral nuclei (short black arrow ), and the anterior nuclei group (black arrowhead ) show reduced diffusion. applicable, n ϭ 2) on days 0 -6 and 1.00 (0.96 -1.04, n ϭ 23) after day 47. Significant differences in rADC were not observed in these periods, compared with DWI-negative cases (days 0 -6, 1.02 [1.00 -1.03, n ϭ 86]; day 47 and after, 1.02 [1.01-1.02, n ϭ 387]).
DISCUSSION
The restriction of water diffusion can be seen in the early phase of secondary neuronal degeneration. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] We report postoperative transient reduced diffusion in the ipsilateral striatum and/or thalamus, with diffusion restriction observed on days 7-46 (mostly days 8 -21), and a marked correlation between the surgical location and the distribution of signal abnormalities within the striatum and/or thalamus. This correlation is consistent with the anatomy of neuronal connectivities and suggests that the observed reduced diffusion represents the early phase of secondary neuronal degeneration. Our present observations may help strengthen our knowledge of striatocortical and thalamocortical connections and will prevent postoperative MR imaging findings from being misinterpreted as acute infarction. There has been 1 previous report describing findings of secondary striatal degeneration on DWI. 19 Similar to our results, the striatum in this report showed reduced diffusion 8 -60 days after external capsular hemorrhage in 9 patients of 28, presumably representing the early phase of secondary degeneration. 19 The strength of our study is the more precise anatomic correlation between damaged cortical areas and distribution of striatal signal abnormalities based on the assessment of a larger number of cases. In addition, previous reports of secondary thalamic degeneration in humans focused on T2WI, 16, 17 not on DWI, though reduced diffusion in the early phase of secondary thalamic degeneration has been reported in rat models of MCA infarction. 11 In our cases of postoperative secondary degeneration, reduced diffusion was not observed on days 0 -6 but appeared later on days 7-46. Secondary degeneration, including Wallerian degeneration and transneuronal degeneration, demonstrates DWI hyperintensity in the early phase and may become atrophied in the chronic stage. 12, 17 Atrophy of the affected striatum and/or thalamus was observed after days 61-129 in some of our cases.
Most interesting, reduced diffusion in the striatum was observed exclusively after surgery involving the frontal lobe. This seems meaningful because the striatum receives input principally from the frontal cortex. Moreover, the distribution of signal abnormality correlated with the surgical location and was consistent with the anatomic architecture of striatocortical and thalamocortical connections described below.
The frontostriatal projection is topographically organized in a ventromedial-to-dorsolateral gradient, from limbic and cognitive to motor functions. 20 The ventromedial striatum receives its frontal input from the medial and lateral OFC, anterior cingulate cortex, and agranular insular cortex. [21] [22] [23] The dorsolateral prefrontal cortex projects to the central portion of the striatum, bridging the ventral and dorsal areas, 24, 25 whereas the dorsal striatum receives input mainly from the motor/premotor cortices. [26] [27] [28] Recent studies by using fMRI, FDG-PET, and DTI have provided in vivo evidence that supports this connectivity-based parcellation of the striatum. [29] [30] [31] [32] [33] [34] In this study, damage to the OFC, PFC, and motor/premotor cortices caused reduced diffusion in the anterior, central, and posterior portion of the striatum (types 1, 2, and 3), respectively. These results were consistent with the anatomy of striatocortical connections and strongly suggested that the reduced diffusion observed here represented the early phase of secondary neuronal degeneration. Only 1 patient showed reduced diffusion limited to the caudate body, sparing the putamen. This case could not be classified into any of the 3 types, though it seemed to be a variant of type 2, considering the distribution of reduced diffusion and the location of surgery. This case may represent a smaller subdivision of the striatocortical connections. Although the caudate body and the central putamen were dealt with together as type 2 in this study, the cortices from which they primarily receive input may be slightly different. The other explanation is that the time course of reduced diffusion may be slightly different between the caudate and putamen.
As for the thalamus, the dorsomedial nucleus, the ventral anterior and ventral lateral nuclei, ventral posterior nucleus, and the anterior nuclear group are connected to the PFC, premotor/motor cortex, primary sensory cortex, and anterior cingulum, respectively. The pulvinar is connected to the association cortex of the occipital, parietal, and posterior temporal lobes. 35, 36 Therefore, damage to these cortical areas and thalamic radiations may cause secondary degeneration in the corresponding thalamic nuclei. 16, 17 In this study, reduced diffusion in the thalamus occurred when a sufficient amount of central tissue containing thalamic radiation was damaged. Particularly, damage to the posterior thalamic radiations and the PFC resulted in degeneration of the pulvinar and dorsomedial nucleus, respectively.
The observed postoperative diffusion restriction in the striatum and/or thalamus may occur more frequently in younger patients, perhaps related to the developing brain or to epilepsy surgery. It may be related to increased water content or reduced myelination, as has been speculated in previous reports that observed early Wallerian degeneration on DWI more frequently in the neonatal brain. 12 There are some limitations to our study. First, a considerable number of DWI-negative patients did not have follow-up MRI on days 7-46. In surgery for malignant neoplasm, the first postoperative MR imaging is usually performed within 48 -72 hours of the operation to avoid contrast enhancement of the surgical margin that complicates the evaluation of residual tumor. 43 Therefore, the diffusion changes may have been missed in these patients. Second, histopathologic correlation with diffusion abnormality was lacking. Further research, including animal experiments and functional imaging of blood perfusion and/or metabolism, will be helpful in widening our knowledge of the mechanism of reduced diffusion. Last, this study is limited by its retrospective nature, making it more challenging to assess the clinical relevance of the diffusion restriction observed.
CONCLUSIONS
In this study, we described the presence and time course of postoperative transient reduced diffusion in the ipsilateral striatum and thalamus. We correlated the distribution of signal abnormalities with the surgical location and found that this was consistent with the anatomy of striatocortical and thalamocortical connections. The characteristic distribution and time course of signal abnormalities suggest that the reduced diffusion observed here represents the early phase of secondary neuronal degeneration. In clinical practice, postoperative transient reduced diffusion in the ipsilateral striatum and/or thalamus should not be mistaken for other postoperative lesions such as acute ischemia. 
